,4 0 -trichlorocarbanilide; TCC), an antimicrobial used in bar soaps, affects endocrine function in vitro and in vivo. This study investigates whether TCC exposure during early life affects the trajectory of fetal and/or neonatal development. Sprague Dawley rats were provided control, 0.2% weight/weight (w/w), or 0.5% w/w TCC-supplemented chow through a series of 3 experiments that limited exposure to critical growth periods: gestation, gestation and lactation, or lactation only (cross-fostering) to determine the susceptible windows of exposure for developmental consequences. Reduced offspring survival occurred when offspring were exposed to TCC at concentrations of 0.2% w/w and 0.5% w/w during lactation, in which only 13% of offspring raised by 0.2% w/w TCC dams survived beyond weaning and no offspring raised by 0.5% w/w TCC dams survived to this period. In utero exposure status had no effect on survival, as all pups nursed by control dams survived regardless of their in utero exposure status. Microscopic evaluation of dam mammary tissue revealed involution to be a secondary outcome of TCC exposure rather than a primary effect of compound administration. The average concentration of TCC in the milk was almost 4 times that of the corresponding maternal serum levels. The results demonstrate that gestational TCC exposure does not affect the ability of dams to carry offspring to term but TCC exposure during lactation has adverse consequences on the survival of offspring although the mechanism of reduced survival is currently unknown. This information highlights the importance of evaluating the safety of TCC application in personal care products and the impacts during early life exposure.
Introduction
Numerous empirical and epidemiological studies have linked exposure to various compounds found in consumer and personal care products with altered endogenous signaling and/or function of endocrine/reproductive systems. 1 Emerging evidence of daily contact with these compounds has raised public concern regarding the potential ecological and human health impacts. 2 Widely used as an antimicrobial in personal care products, triclocarban (3,4,4 0 -trichlorocarbanilide; TCC) is a high production volume antimicrobial, at a mass of up to 1.5% in certain brands of bar soaps. 3, 4 Once applied, the compound is washed down the drain and enters the wastewater treatment process. 5 The removal of TCC through wastewater treatment is insufficient, however, accounting for the pervasive existence of TCC in both United States and international waterways and contributing to its bioaccumulation in aquatic species. [6] [7] [8] [9] [10] Following wastewater treatment, TCC has a robust propensity to partition to sludge due to its hydrophobic nature (log K ow ¼ 4.9) allowing for potential transfer to the terrestrial environment when a significant proportion of this nutrient-rich sludge is applied as a fertilizer in agriculture use. 5, 11, 12 As a consequence, TCC has been detected at the ppm level in biosolidamended soil and is environmentally persistent with a reported half-life of 87 to greater than 1000 days. 13 These observations raise safety concerns regarding the potential transfer to the food chain. In fact, TCC uptake from biosolid amended soil has been shown in a variety of plants meant for human consumption, including pumpkin, zucchini, and soybean plants. 12, 14 Triclocarban can be absorbed through the skin during the regular use of TCC-containing personal care products. 15, 16 Triclocarban has been detected in 35% of human adult urine and 44% of serum samples in the United States. 17 Experimentally, a study conducted in a small group of human volunteers demonstrated that peak circulating TCC levels could reach up to 530 nmol/L, 3 hours after a single 15-minute, whole-body shower with soap containing 0.6% TCC. 15 It is worth noting that a background TCC level of 285 nmol/L was detected in a volunteer who was a routine user of TCC-containing personal care products, indicating that frequent application of personal care products containing TCC may lead to a significant body burden. 15 The widespread existence, high environmental persistence, and the direct human exposure to TCC, therefore, warrants further investigation into its effective biological impact on human health.
Several lines of evidence demonstrate that TCC is a potential endocrine-disrupting chemical with the capacity to modulate androgen and estrogen activities as well as other hormonemediated biological processes in vitro and in vivo in adult rat and other animal models. [18] [19] [20] [21] [22] [23] [24] Although the underlying mechanisms of TCC's action are unclear and could be diverse, collectively, evidence implicates that TCC exposure may adversely impact endogenous hormone action resulting in the deviation from normal homeostatic, physiological control, and therefore adversely affect pregnancy as well as reproductive outcomes. 18, 19, 21, 25, 26 Timing of exposure is the key to human disease, specifically if the exposure occurs during early life. 27, 28 Early life development in utero is complex, tightly under endogenous signal control, and susceptive to subtle endogenous/exogenous environmental insult. 29, 30 The general consensus by the research community suggests that a significant proportion of disease burden among children is due to modifiable environmental factors. 27 The socalled ''embryo-fetal origins of adult disease'' indicates exposure of environmental factors to a developing fetus or infant may have very different consequences from the same exposure to an adult. The interaction between the maternal and the external environment also plays a major role in determining the propensity of an individual to develop a disease or a dysfunction later in life. 27 The growing public anxiety regarding the identification of an increasing number of synthetic compounds in biological samples of children further justifies the urgent need to document the adverse effects of early life exposure to these compounds. 31 Data with respect to the potential impacts of TCC during early life exposure, however, are scarce. The only published data are available from Nolen and colleagues who reported that chow supplementation in 21-to 23-day-old rats with 0.25% weight/weight (w/w) of a 2:1 mixture of TCC and 3-trifluoromethyl-4,4 0 -dichlorocarbanilide (TFC) for 8 weeks prior to breeding and continuously throughout gestation reduced the survival rate of neonates. 32 As an antimicrobial, TFC is no longer used. Although these data reflect the impact of the mixture on reproductive outcomes, the relatively extended exposure period prior to gestation as well as the fact that TFC is considered slightly more toxic than TCC leaves several fundamental questions regarding toxicity of TCC largely unanswered and prevents the research community, public, and regulatory agencies from obtaining a better understanding of the safety of the compound. This study aims to address 2 primary questions: (1) whether early life TCC exposure alone will alter the trajectory of fetal and/or neonatal development and (2) if it does, what is/are the susceptible windows of exposure for the observed developmental outcomes. In addition, the reproductive end points in surviving F1 offspring were also evaluated. In this report, 3 experiments directed to address these questions were carried out in Sprague Dawley (SD) rats.
Materials and Methods

Animals
Pregnant SD rats (Harlan Laboratory, Dublin, Virginia) were housed individually with Harlan Teklad laboratory grade 7087 soft cob bedding (Harlan Laboratories, Madison, Wisconsin) in clear plastic cages in a room with a 12:12-hour photoperiod, temperature of 20 C to 22 C, and a relative humidity of 40% to 50%. A separate group of animals was used for each experiment. The day after mating was designated as gestational day (GD) 1. On GD 5, dams were weight ranked and randomized to control or treatment groups to produce similar average body weights per group. All randomizations in the report were achieved using a computer random number generator (random.org). Although the treatments were not blinded, the blood/milk chemical analysis and tissue pathological evaluation were both blinded to evaluators. Animals were provided ad libitum access to water and commercial Harlan ground 2020X chow or 2020X supplemented with TCC (purity ¼ 99%, Sigma Aldrich, St Louis, Missouri) at a concentration of 0.2% or 0.5% w/w. This diet is a soy protein-free rodent chow that contains an isoflavone concentration (daidzein þ genistein agylcone equivalents) less than 20 mg/kg and is ideal for studying the impacts of xenobiotics on neonatal development and reproductive function since background phytoestrogen levels are minimized. The TCC supplemented chow was prepared weekly by first weighing the correct amount of TCC and mixing the compound with small amounts of powdered chow using a mortar and pestle. This mixture was then added and mixed into a preweighed amount of powdered chow to obtain the required concentration. Fresh supplemented chow was added to feeding containers as needed. Food intake was measured every other day starting on GD 15. Doses were chosen based on previous studies in castrated adult and immature rats as well as a multigeneration TCC exposure study conducted in the rat. 18, 19, 32 Administration of TCC in chow was chosen as the exposure route, which was used in our previous studies. 18, 19 Exposures by dermal and oral routes lead to similar metabolic profiles in rat and humans, although there is no direct evidence to compare the internal concentrations achieved between rats and humans. 32, 33 . All protocols used in the study were approved by the Animal Use and Care Committee at the University of Tennessee Knoxville, and the studies were conducted in an animal facility fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Experiment I: Concentration of TCC in Maternal Serum and Amniotic Fluid
Starting on GD 5, dams were fed either with control (n ¼ 4) or with TCC-supplemented chow (0.2% w/w, n ¼ 5 or 0.5% w/w, n ¼ 5). On GD 19, maternal blood was collected between 08:00 AM and 12:00 PM prior to sacrifice. At necropsy, amniotic fluid was collected and total number of fetuses and the number of implantation sites were counted. Systemic organs (liver, kidney, and adrenal) and sex organ (ovary) were dissected and weighed. Tissue sections were examined with routine hematoxylin-eosin staining, and histological changes were evaluated by a board-certified histopathologist blinded to the treatment group. Serum and amniotic fluid samples were frozen at À80 C until analysis.
Experiment II: In Utero/Lactational TCC Exposure and Neonate Survival
Experiment IIa: TCC exposure on neonate survival. To determine the consequence of early life TCC exposure, on GD 5, pregnant animals (n ¼ 5 per group) were weight ranked and randomly assigned to groups. Dams were fed either rat chow or chow supplemented with 0.5% w/w TCC from GD 5 until weaning at postnatal day (PND) 21. On the day of delivery (PND 0), total neonate number was recorded and the survival of pups was monitored daily during the study period. Dams were terminated either on PND 21 or on the day when remaining pups died and mammary tissue was removed for histological analysis.
Experiment IIb: TCC exposure during lactation on mammary tissue. The size of the milk bands indicates an estimate of amount of milk consumed. 34 This measure is shown to correlate with stages of deprivation in the rat. Through this assessment, it is possible to determine whether milk has been transferred to the pups, as the bands are visible through the skin. 34 To assess whether TCC exposure could directly reduce the lactational capacity of the mammary glands (ie, induce involution) thereby affecting the pup survival, all pups were examined daily for the presence and size of milk bands. Milk bands were rated as described by Ruppert and colleagues. 34 Briefly, 0 indicates no band visible; 1, small band visible on the side of pup; 2, small band visible across pup's abdomen, and 3, large band visible across the pup's abdomen. Pregnant (GD 5) dams were weight ranked and randomized by body weight into groups fed either rat chow (n ¼ 6) or chow supplemented with 0.5% w/w TCC (n ¼ 3) from GD 5 until PND 14. After delivery at PND 0, litter size was culled to 6 from all 3 of 0.5% w/w-treated dams and only 2 control dams. No culling was conducted for the rest of the control dams (n ¼ 4) which served as reserve controls to provide healthy pups to the treated dams as described subsequently.
Starting on PND 1, healthy age-matched pups (n ¼ 3) born to the 4 reserve control litters were added to replace half (n ¼ 3) the pups raised by TCC-treated dams to maintain normal suckling activity ( Figure 1A ). Therefore, by PND 1, all 0.5% w/w-treated dams carried 6 pups (3 born to 0.5% w/ w TCC-treated dams and 3 born to reserve control dams). On PND 3, the same procedure was conducted as PND 1, except 3 healthy control pups born to the 4 reserve control dams were added to treated dams to replace the pups previously transferred on PND 1 from reserve control dams. Therefore, on PND 3, all 0.5% w/w TCC-treated dams carried 3 of their own pups and 3 new pups transferred from reserve control dams. At PND 6, the procedure was again conducted except that 3 healthy age-matched pups born to the reserve control dams were added to each treated dam to replace the remaining 3 pups originally born to 0.5% w/wtreated dams. After the above-mentioned manipulation on PND 6, pups nursed by the treated dams were all born to reserve control dams. The same substitution procedure was conducted once again on PND 9, and this time the 3 pups transferred from reserve control dams to treated dams on PND 3 were replaced. Milk band quantification comparison was only conducted between control born/raised animals and 0.5% w/w born/raised animals on PNDs 1, 3, and 6, the last day before all the pups born to TCC-treated dams were replaced with pups born to reserve control dams. All dams were terminated on PND 14 and mammary tissue was removed for histological analysis.
Experiment IIc: TCC concentration in biological fluids. To measure the concentration of TCC in biological fluid during lactation, starting on GD 5, dams were fed either with control (n ¼ 3) or with TCC-supplemented chow 0.2% w/w (n ¼ 4) or 0.5% w/w (n ¼ 3) until PND 6. Dams were weight ranked and randomly assigned to groups. In addition, a separate population of 3 control dams was used as reserves to provide healthy pups to maintain suckling activity. After delivery, the litter size was culled to 6. No culling was conducted for the 3 reserve control dams. On PND 3, healthy age-matched pups (n ¼ 3) born to reserve control dams were added to each litter of treated dams to replace 3 treated born/raised pups to maintain suckling activity. On PND 5, all dams were individually housed without neonates for 22 hours to increase milk production/accumulation in mammary glands. 35 The remaining 3 treated born pups from each TCC-treated dam group were sacrificed on PND 5 and pup blood samples were pooled within each litter and frozen at À80 C for future TCC analysis. On PND 6, all dams were sacrificed and blood samples were collected. At necropsy, mammary tissue/fat pads of dams were carefully separated from the underlying muscles by a cut along the ventral midline. Mammary glands were then opened from inside without penetrating the skin and pooled milk was collected.
Experiment III: In Utero and/or Lactational TCC Exposure on the Survival of F1 Female Rats (Cross-Fostering Study)
Cross-fostering and survival assessment. To identify the susceptive windows of gestational and postnatal TCC exposure to offspring survival, on GD 5 pregnant animals (n ¼ 5 per group) were weight ranked and randomly assigned to groups. Dams were then fed with rat chow or chow supplemented with either 0.2% or 0.5% w/w TCC. Data from experiment II demonstrated that none of the pups could survive when they were nursed by the 0.5% w/w-supplemented dams regardless of their gender and all the pups nursed by control dams survived; however, whether pups raised by 0.2% w/w-supplemented dams could survive was unknown and was one of the primary objectives. To create a manageable workload for the crossover study, only females were used in this experiment. On PND 0, female pups were weighed and sexed based on anogenital distance (AGD). Anogenital distance is defined as the distance between the base of the genital papilla and the rostral end of the anal opening. 36 Litter size was culled to 6 females by random removal of pups on PND 0 right after sexing. Specifically, individual pups in each litter were randomly marked with a number using a permanent marker. The numbers were entered into a computer random number generator (random.org) and the order of the Figure 1 . A, Experiment IIb: dams were exposed to either 0.5% w/w TCC-supplemented or control chow from GD 5 to PND 14. On PND 1, healthy age-matched pups ( , n ¼ 3) born to the reserve control litters were added to replace half (c, n ¼ 3) of the pups raised by TCC-treated dams to maintain normal suckling activity. On PND 3, the same procedure was conducted, 3 healthy pups (u) born to the reserve control dams were added to treated dams to replace the pups ( ) previously transferred on PND 1 from reserve control dams. At PND 6, the procedure was again conducted and 3 healthy age-matched pups (O) born to the reserve control dams were added to treated dams to replace the remaining 3 pups (c) originally born to 0.5% w/w-treated dams. The same substitution procedure was conducted once more on PND 9 with 3 pups (Y) transferred from reserve control dams to treated dams replacing the reserve pups (u) transferred on PND 3. All dams were sacrificed on PND 14. B, Experiment III: cross-fostering design within each dam group (control, 0.2% w/w, and 0.5%w/w; n ¼ 5 dams per group). Pregnant SD rats continued on respective treatment with TCC from GD 5 to PND 21. Crossover was conducted on PND 0. Each dam nursed 2 of their own pups and 2 pups from each of the other 2 treatment groups (r: pups born to control dams; O: pups born to 0.2% w/w TCC-treated dams; and c: pups born to 0.5% w/w TCC-treated dams). Dams were euthanized on PND 21 or on the date that all pups died. Surviving offspring were continued on respective treatments until PND 54. TCC indicates triclocarban; GD, gestational day; PND, postnatal day; SD, Sprague Dawley.
numbers was randomized. Pups labeled with the first 6 randomized numbers were kept for the subsequent experiments. After culling, on PND 0, a cross-fostering design was implemented within each litter. Briefly, each dam carried and nursed 2 female pups from their own original litter and fostered 2 female pups from each of the 2 other treatment groups ( Figure 1B ). In this manner, each control dam raised 2 of their own pups, 2 pups born to 0.2% w/w-treated dams and 2 pups born to 0.5% w/w-treated dams. Each 0.2% w/w-treated dam raised 2 of their own pups, 2 pups born to 0.5% w/w-treated dams, and 2 pups born to control dams. Finally, each 0.5% w/w-treated dam raised 2 of their own pups, 2 pups born to control dams, and 2 pups born to 0.2% w/w-treated dams. The treatment regimen continued from GD 5 throughout lactation until the dams were sacrificed either on weaning/PND 21 or on the same date when all pups died. At PND 3, all pups were reweighed and AGD was measured. Pup mortality was monitored daily throughout the experiment. At PNDs 4 and 5, 3 pups raised by 0.5% w/w-treated dams with greater than a 20% body weight loss over 2 consecutive days were used for pathological assessment.
Vaginal opening and estrous cyclicity assessment. On PND 21, all surviving female offspring from experiment III were weighed, weaned, and AGD was measured. All offspring raised by the same dam were thereafter housed separately with 3 offspring in each cage. The onset of puberty was assessed in female offspring daily from PNDs 30 to 54 for vaginal opening (VO), which is considered as a marker of the onset of puberty in rats. 37 All animals were weighed every other day until VO was achieved and the weight of animals on the day of VO was recorded. All females that displayed VO were assessed for estrous cyclicity by daily vaginal lavage (smears). Vaginal smears were taken between 08:30 AM and 10:30 AM each morning and examined without stain under light microscopy (Â20). The relative abundance of leukocytes, nucleated epithelial cells, and cornified epithelial cells was assessed and cycle stage (day) for each animal was determined. 38 The time from VO until the first date of estrus was documented and the cycle stage was recorded until termination on the day of the estrus just prior to or shortly after PND 54. At termination, systemic and sex organs were removed and weighed.
Hormone and TCC Measurements in Biological Samples
Maternal (experiment I on GD 19: control: n ¼ 4; 0.2% w/w: n ¼ 5; 0.5% w/w: n ¼ 5 and experiment IIc on PND 6: control: n ¼ 3; 0.2% w/w: n ¼ 4; 0.5% w/w: n ¼ 3) and neonatal serum (experiment IIc on PND 5: control: n ¼ 3; 0.2% w/w: n ¼ 4; 0.5% w/w: n ¼ 3), and amniotic fluid samples (experiment I on GD 19: control: n ¼ 4; 0.2% w/w: n ¼ 5; 0.5% w/w: n ¼ 5) were analyzed for TCC. First, 50 mL of serum was added into 800 mL of ethyl acetate. Following agitation for 1 hour, 400 mL of liquid was removed from the solution, dried under gentle nitrogen stream, and the residue was redissolved in 100 mL of acetone prior to analysis by liquid chromatography-mass spectrometry (LC-MS-MS). For analysis of TCC from milk, 100 mL of pooled milk sample was mixed with 600 mL of 2-propanol. The mixture was vortexed for 5 minutes at the highest speed followed by centrifugation at 4 C at 5000g for 50 minutes. Supernatant of 300 mL was then removed and mixed with 600 mL of water plus 600 mL of ethyl acetate. The mixture was vortexed for another 5 minutes at highest speed followed by centrifugation for 20 minutes at 4 C at 5000g. After centrifugation, 300 mL of supernatant was collected, dried under nitrogen, and the residue was redissolved in 100 mL of acetone prior to measurement by LC-MS-MS. Triclocarban sample extracts were analyzed on a Dionex UltiMate 3000 UHPLC system coupled to a triple stage quadrupole mass spectrometer (TSQ Quantum Access Max MS/MS, Thermo Scientific, Waltham, Massachusetts). A Hypersil GOLD PFP column (2.1 Â 100 mm, 1.9 mm; Thermo Scientific, Waltham, Massachusetts) was used for high-performance liquid chromatography analysis and temperature was held at 38 C for column compartment. The autosampler tray temperature was set at 5 C. The solvent system consists of H 2 O with 0.02% acetic acid (mobile phase A) and methanol (mobile phase B). The analyte was separated using a gradient program starting with T For hormone analysis, circulating progesterone, testosterone, total triiodothyronine (T3), and total thyroxine (T4) were measured using commercial radioimmunoassay (RIA) kits (Coat-A-Count, Siemens, Los Angeles, California). 17b-Estradiol levels were measured using ImmunChem Double Antibody RIA kit (MP Biomedicals, Solon, Ohio). Concentrations of thyroid-stimulating hormone were analyzed with an RIA kit specific for rat thyroid-stimulating hormone (TSH; MP Biomedicals, Germany).
Energy Expenditure Assessment
The impact of TCC treatment on energy expenditure of pregnant animals and offspring was monitored using Oxymax Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments, Columbus, Ohio). 39 On GD 13, pregnant dams (experiment III) and on PND 41 randomly selected neonates (experiment III) from each respective group were housed individually in a chamber with a 12-hour light/12-hour dark cycle and an ambient temperature of 22 C to 24 C. Animals were acclimated to the system for 12 hours before data were collected. Carbon dioxide production (Vco 2 ) and oxygen consumption (Vo 2 ) were collected every 35 minutes over a 24hour period. The respiratory exchange ratio (RER) was calculated as Vco 2 /Vo 2 ratio .
Statistical Analysis
Data were presented as group mean + standard error of the mean. Data were analyzed using SPSS (version 20, IBM, Armonk, New York) by analysis of variance (ANOVA; ie, organ weights, body weight, AGD, TCC, and hormone concentration) or ANOVA with repeat measurements (ie, changes of AGD and body weight over time). In addition, data were analyzed with a covariate of PND 21 body weight (offspring) or pretreatment body weight (dams) when appropriate. Milk band rating was analyzed with a nonparametric Mann-Whitney U test. Mortality measurements were analyzed by Kaplan-Meier survival analysis with JMP Pro 10 (SAS Institute Inc, Cary, North Carolina), followed by pairwise Student-Newman-Keuls post hoc test when appropriate. Statistical significance was considered P <.05. Data were transformed if either normality or the equal variance assumption was invalid. If transformation did not correct normality or equal variance assumption, Kruskal-Wallis one-way ANOVA on ranks was used.
Results
Experiment I: TCC Exposure During Pregnancy
Maternal and fetal compartment TCC concentrations. Concentration of TCC in maternal serum and amniotic fluid was measured from samples collected at necropsy on GD 19. The mean concentrations of TCC in the serum collected from TCCsupplemented dams (0.5% w/w: 116.25 + 22.2; 0.2% w/w: 82.48 + 17.6 ng/mL) were significantly higher than controls (0.67 + 0.3 ng/mL, P < .05; Figure 2A) . Similarly, significantly higher levels of TCC were detected in amniotic fluid from the TCC-treated dams with a mean concentration of 11.10 + 1.9 ng/mL detected in the 0.2% w/w TCC-treated group and 14.64 + 2.0 ng/mL in the 0.5% w/w TCC-treated group compared to 0.42 + 0.01 ng/mL detected in control dams (P < .05, Figure 2B ).
Maternal and pregnancy data. The average terminal body weight of 0.5% w/w-treated dams was 6.7% less than that of control dams on GD 19. Maternal body weight gain from GDs 5 to 19 in the 0.5% w/w-treated group was significantly less compared to both control dams and 0.2% w/w TCC-supplemented dams, but there was no statistical difference in body weight gain between the control and the 0.2% w/w TCC-supplemented group (Table 1) . Treatment with TCC at any dose had no effect on implantation number. Neither systemic nor sex organ weights at necropsy were statistically different between any group (Table 1) . At necropsy on GD 19, circulating levels of estradiol, progesterone, testosterone, T4, and TSH were measured with no statistical difference revealed among any group. Levels of T3 were significantly decreased among dams provided 0.5% w/w TCC-supplemented chow relative to control and 0.2% w/w-treated dams ( Table 1) . Gross physiological examination and histological evaluation of organs collected at necropsy showed no significant anomaly among treated dams compared to controls (data not shown). treatment did not affect the ability of dams to carry offspring to term, survival analysis revealed that supplementation of 0.5% w/w TCC during gestation and lactation affected neonate survival throughout the experiment (Figure 3 ). Neonates born to and nursed by 0.5% w/w TCC-treated dams could not survive beyond PND 8; however, all neonates born to and nursed by control dams survived beyond weaning regardless of gender.
Maternal data. No statistical food intake difference was noted (control: 18.52 + 1.1 g; 0.5% w/w: 19.06 + 1.4 g) on GD 19. All TCC-exposed dams were sacrificed right after all pups died (between PNDs 5 and 8). Control dams were sacrificed on PND 21. Milk bands were observed in pups raised by dams treated with 0.5% w/w TCC and histology of mammary tissue collected from both control and 0.5% w/w TCCsupplemented dams revealed evidence of retained secretory material in the tissues. However, the mammary glands collected from 0.5% w/w dams had evidence of involution showing increased lobule separation by interstitial mature fat, thinning epithelial height, and increased epithelial vacuolation with fat ( Figure 4 , panels A-C).
Experiment IIb: Effect of TCC exposure on mammary tissue during lactation. In the experiment ( Figure 1A ) designed to differentiate whether the decreased neonate survival was secondary to the effect of TCC on the reduction in the lactational capacity of the mammary glands (ie, TCC induces involution), milk band scores were similar between PNDs 1 and 3 (median: 3 in 0.5% w/w born/raised pups and control pups). However, the milk band size decreased over time after PND 3. On PND 6, the median milk band score was 0 in 0.5% w/w born/raised pups and 2 among pups born/raised by control dams (Mann-Whitney U test, P < .05). Compared to results from control dams (Figure 4 , panel D), histology evaluation revealed that mammary tissue collected from treated dams on PND 14 was not involuted when additional healthy pups were continuously provided on PNDs 3, 6, and 9 to maintain normal suckling activity (Figure 4 , panel E).
Experiment IIc: TCC concentration in biological fluids. Concentration of TCC on PND 6 was measured from maternal blood and milk. The level of TCC in pooled blood samples collected from neonates on PND 5 was also analyzed ( Figure 5 ). Maternal serum TCC concentration significantly increased with Figure 5 ); pups raised by 0.5% w/w-treated dams showed significantly higher serum levels of TCC than 0.2% w/w TCC-treated dams raised pups ( Figure 5 ).
Experiment III. In Utero/Lactational TCC Exposure (Cross-Fostering Study)
Maternal data. At birth, no statistical difference in number of live births or average birth weight per litter between groups was noted (data not shown). There was no significant difference in RER (0.5% w/w: 0.97 + 0.01; 0.2% w/w: 0.96 + 0.01; and control: 0.98 + 0.01). After birth, dams were continuously exposed to either treated chow or control chow in the manner provided prior to delivery.
F1 female generation data. There was no initial statistical body weight difference in female pups born to control dams or pups born to either group of treated dams prior to culling on PND 0 (control: 5.84 + 0.17 g; 0.2% w/w: 5.81 + 0.13 g; and 0.5% w/w: 5.45 + 0.24 g). After the cross-fostering manipulation, each dam nursed 2 of its own pups and 2 pups from each of the other 2 treatment groups ( Figure 1B ). All dam groups (n ¼ 5 in each group) raised 30 pups (10 pups born to 0.5% w/w TCC-treated dams, 10 pups born to 0.2% w/w TCC-treated dams, and 10 pups born to control dams). A total of 90 pups were manipulated in experiment III. Average pup body weight in each group after the crossover manipulation at PND 0 was similar among the control, 0.2% w/w TCC, and 0.5% w/w TCC fed groups ( Table 2 ). Starting on PND 3, body weight and AGD were measured every 2 days. Postnatal maternal treatment status significantly affected pup body weight as measured between PNDs 3 and 9. Average body weight was significantly less in pups nursed by TCCsupplemented dams at PND 3 with an average 16% decrease found in pups raised by 0.2% w/w TCC-treated dams and a 25% decrease observed among pups raised by 0.5% w/w TCC-treated dams compared to control raised pups (P < .05, Table 2 ). Within each dam treatment group, however, no statistical body weight difference was observed among the pups with different in utero exposure status (ie, born to a 0.5% w/w TCC-treated dam, 0.2% w/w TCC-treated dam, or a control dam) at PNDs 3, 6, and 9, respectively ( Table 3 ).
Pup mortality was followed throughout the study. A significant reduction in pup number over time was observed between pups raised by 0.5% w/w or 0.2% w/w TCC-treated dams compared to those raised by controls (P < .05, Figure 6A and B) . No pups raised by 0.5% w/w TCC-treated dams survived beyond PND 5 regardless of in utero exposure status (n ¼ 30; Figure 6A ). The majority of pups (27 of 30) raised by 0.2% w/w TCC-treated dams survived to PND 6, but only 4 animals in this group survived beyond weaning day (all raised in the same litter with 2 offspring born to control dams and 2 offspring born to 0.5% w/w TCC-treated dams; Figure 6B ). In contrast, all pups raised by control dams survived throughout the study period regardless of in utero exposure status (n ¼ 30). The abdomens of all pups raised by dams exposed to either TCC concentrations were distended and all pups had diarrhea. Gross pathological examination of randomly selected pups (n ¼ 3) raised by the 0.5% w/w dams on PNDs 4 and 5 showed small acute gastric ulcers and fatty vacuolation of hepatocytes (data not shown). The effect was found in all 3 animals examined; however, the small sample size may not provide a definitive conclusion.
Because surviving animals in the 0.2% w/w TCC-supplemented group (n ¼ 4) were all raised by the same dam, statistical analysis based on litter could not be conducted. Therefore, only group means were provided for all relevant parameters derived from these 4 surviving offspring. At weaning, the average body weight of the 4 surviving offspring raised by the 0.2% w/w TCC-treated dam was approximately half that of offspring raised by control dams ( Table 2 ). The average RER measured on PND 41 from the 4 surviving offspring raised by 0.2% w/w dams was similar compared to the RER measured from offspring (n ¼ 12) raised by control dams (0.99 and 0.97 + 0.01, respectively). Among control raised offspring, average RER was similar when analyzed by their respective in utero status (data not shown).
No statistical difference in AGD indexed by cube root of body weight (at the time AGD was acquired) was detected on PND 3 among offspring raised by different dam treatment groups. Similarly, no statistical difference in AGD indexed by cube root of body weight was detected on PND 6 between offspring raised by 0.2% w/w TCC-treated dams compared to those raised by control dams ( Table 2) . At weaning, the mean relative AGD of the 4 remaining pups was 2.51(mm/ 3 p g) compared to 2.46 (mm/ 3 p g) from offspring born and raised by control dams (Table 3 ). In utero status had no effect on AGD, VO date, or first date of estrus after VO (data not shown).
The average age of VO in the 4 surviving offspring raised by 0.2% w/w TCC-treated dams was 38.5 days, while the average age of VO from offspring raised by the control dams was 37.17 days. Organ weight indexed by body weight of offspring raised by control dams on the day of sacrifice, categorized by in utero exposure status, is shown in Table 4 with no significant difference noted between any groups for any organ analyzed.
Discussion
Knowledge regarding human and environmental risks to TCC exposure is currently limited, with available data only measuring TCC prevalence and persistence in the environment. Although no long-term TCC exposure studies in humans have been reported, Schebb et al demonstrated that after a 15-minute whole-body shower with 0.6% TCC-containing bar soap, up to 1030 nmol/L of TCC metabolites was detected in the urine of 6 human volunteers. 40 The significant excretion suggests that absorbed TCC must be systemically available and thus present in blood. 15, 40 In fact, after a single 15-minute shower, peak circulating level of TCC was detected within 3 hours with a range of 10 to 530 nmol/L. 15 Interestingly, a high TCC background level of 285 + 5 nmol/L was reported in the circulation of a user who used TCC-containing personal care products regularly compared to other volunteers. 15 These data indicate that routine users of TCC-containing products may have a high body burden.
Human exposure through the diet has not been explored. The pharmacokinetic profile of long-term TCC exposure in the chow goes beyond the scope of the current study; nonetheless, after 14 days of oral exposure between GDs 5 and 19, we detected an average circulating level of 82.48 + 17. , and neonate serum (hatched bar) collected from control or TCC-exposed dams on PND 6 and neonates raised by control or TCC-exposed dams on PND 5. Dams were exposed to TCC from GD 5 to PND 6 (control: n ¼ 3; 0.2% w/w: n ¼ 4; and 0.5 w/w: n ¼ 3). Neonate sera were collected from pooled neonates raised by each dam group (3 pooled sera from control; 4 pooled sera from the 0.2% w/w group; and 3 pooled sera from the 0.5% w/w group). Data represent mean + SEM of each group. Data were analyzed with one-way ANOVA followed by Student-Newman-Keuls post hoc test. Statistical significance set at P < .05; * indicates statistical significance between groups. TCC indicates triclocarban; PND, postnatal day; GD, gestational day; SEM, standard error of the mean; ANOVA, analysis of variance.
TCC in 0.2% and 0.5% w/w-treated SD rats, respectively (experiment I, Figure 2 ), a level within the range of reported human exposure data. 15 A similar dose-dependent detection of TCC was identified in the fetal compartments. We detected 11.10 + 1.9 ng/mL and 14.64 + 2.0 ng/mL TCC in the amniotic fluid of 0.2% and 0.5% w/w TCC groups, respectively, showing the transplacental transfer of TCC during gestation (Figure 2) . The wide range of the TCC concentration in circulation of pregnant rats after exposure (0.2% w/w: 39.85-145.37 ng/mL; 0.5% w/w 71.33-171.85 ng/mL; experiment I, Figure 2 ) may reflect the interindividual difference in TCC absorption, distribution, and excretion, a similar scenario that has been reported in humans. 15 Nolen et al reported that a 2:1 mixture of TCC and another antimicrobial compound TFC compromises reproductive outcomes when rats were fed continuously with 0.25% TCC/TFC mixture in the chow for more than 11 weeks starting 8 weeks prior to pregnancy. 32 A significant decrease in the average number of pups born/litter, average number of live pups/litter at PND 4, as well as the number weaned/litter was observed compared to the control group. When exposure was extended to cover the second pregnancy period, only an average of 1 offspring per litter was able to survive beyond weaning. In contrast, when the mixture was administrated only during the organogenesis period (PNDs 6-15), or for an extended period of time but only with 0.2% TCC/TFC mixture, no significant differences were detected by any of the criteria described earlier when compared to the controls. Therefore, Nolen et al conclude that the maximum dietary concentration of the TCC-TFC mixture having no effect on reproduction should be between 0.20% and 0.25%. The authors further concluded that 0.25% concentration of mixture had no effect when fed only during GDs 6 to 15. 32 Only the extended exposure with 0.25% w/w TCC-TFC mixture (8 weeks prior to pregnancy plus entire pregnancy period) would affect the survival of neonates. Although the results of Nolen's are informative, it raises several critical issues. A 2:1 TCC-TFC mixture rather than an individual compound was tested. 32 Subchronic studies indicate TFC is slightly more toxic than TCC; therefore, the possibility that compromised reproductive outcomes observed by Nolen et al may reflect an additive/synergistic effect of the 2 compounds cannot be ruled out. Since the use of TFC as an antimicrobial agent in personal care products has been phased out, 32 it is essential to investigate whether the administration of TCC alone would interfere with development and reproduction.
In our study, dose and length of TCC exposure do not appear to affect the ability of the dams to carry pups to term; no statistical difference in number of implantation sites or the number of live births at delivery was observed in either TCC treatment group compared to controls even when 0.5% w/w TCC was administered (experiments I and IIa). Further, we found no statistical difference in reproductive outcomes (AGD, VO, or estrous cycling) of the F1 generation of control raised animals born to different treatment groups (0.5% w/w, 0.2% w/w, or control). However, TCC exposure at 0.5% w/w affected neonate survival, with no survival beyond PND 8 among either male or female pups when the treatment regimen covered both pregnancy and lactation (Figure 3 , experiment IIa). Due to the mortality effects of TCC treatment on F1 offspring raised by treated dams, the small number (n ¼ 4) of surviving offspring in the current study prevents a definitive conclusion regarding the examined reproductive outcomes.
To help further examine the potential susceptive windows of TCC exposure (in utero only, in utero plus lactation, or lactation only) that lead to the decline in neonate survival, a cross-fostering design was implemented ( Figure 1B , experiment III). Regardless of in utero exposure status, maternal exposure during lactation significantly affected pup body weight (Tables 2 and 3 ). Compared to controls on PND 3, an average of 16% and 25% body weight reduction was observed in pups raised by 0.2% and 0.5% w/w TCC-treated dams, respectively ( Table 2 ). When control-fed groups were stratified by gestational exposure status, no statistical body weight difference was observed among pups with different in utero exposure status (ie, pups raised by control dams but were born to 0.5% w/w, 0.2% w/w TCC-treated dams, or control dams, Table 3 ).
All pups raised by control dams survived beyond weaning, regardless of in utero exposure. In contrast, no pups raised by 0.5% w/w TCC-treated dams survived beyond PND 5 regardless of the group they were born to ( Figure 6B , experiment III), and only 4 pups raised by 0.2% w/w TCC-treated dams survived beyond weaning ( Figure 6A , experiment III). Collectively, these data implicate the critical TCC exposure window for neonate survival occurs during lactation, because even pups with no in utero exposure could not survive when raised by TCC-treated dams and all pups raised by control dams survived even with gestational TCC exposure.
No statistical difference in energy expenditure was observed between any dam treatment groups (experiment III). We observed a 6.7% body weight decrease among 0.5% w/w TCC-treated dams although it was not statistically significant. Treatment with TCC does not appear to affect milk production and transfer. Pathological evaluation of mammary tissue demonstrated involution of the mammary glands in TCCtreated dams when necropsy was conducted between PNDs 5 and 8 after complete litter loss (experiment IIa). To differentiate whether the involution of the mammary gland was due to the TCC treatment (primary) or reduced stimulation on the mammary gland as an outcome of reduced neonate suckling when pups died (secondary), healthy age-matched pups born to control dams were added to the TCC-treated dams at various time points during lactation to maintain normal suckling activity and dams were sacrificed on PND 14 (experiment IIb). Pups born to/raised by 0.5% w/w TCCtreated dams had similar milk band size when compared to control pups on PNDs 1 and 3. The size of milk band was significantly smaller at PND 6 between pups born to/raised by 0.5% w/w TCC-treated dams compared to age-matched pups born to/raised by controls. Microscopic assessment revealed no sign of involution in mammary glands of treated dams that were continuously provided with healthy pup suckling stimulation. Together, our data suggest that the reduced survival in pups raised by TCC-treated dams was unlikely due to the primary impact of TCC on the development and function of mammary glands.
We further compared the concentration of TCC collected from dam and neonate circulation and the milk from dams (experiment IIc). As shown in Figure 5 , a similar dosedependent pattern of TCC concentration was observed in the circulation of dams as well as in the pups that were raised by the treated dams. Interestingly, 510.9 + 122.8 ng/mL and 917.8 + 88.9 ng/mL of TCC were detected in the milk of the 0.2% and 0.5% w/w TCC-treated dams, respectively. This level of TCC in the milk was almost 4 times the amount detected in blood circulation from either group. These data imply that TCC concentrates in the milk. Although extrapolation to human exposure still requires further investigation, our data, nevertheless, highlight the potential of high levels of TCC exposure to neonates via lactation.
Several lines of evidence in the current study further support the hypothesis that TCC exposure during lactation influences the survival of the neonates. In treated pups, we observed small, acute gastric ulcers (indicating potential stress) and fatty vacuolation of hepatocytes in pups exposed to TCC during lactation (experiment III). Postmortem evaluation of neonates that died prior to weaning had swollen abdomens, diarrhea, and grossly enlarged, liquid filled ceca, which is consistent with observations in rodents with impaired gut microflora, that is, germ-free mice or rodents orally treated with an excess of antimicrobials. 41 In germ-free mice, an enlarged cecum starts during suckling, the appearance of which is postulated to be due to the accumulation of macromolecular, sulfate-containing glycoproteins from the milk that normally are degraded by the microflora of the lower gut. 42 These negatively charged macromolecules not only attract water into the cecal lumen but also limit Na þ -dependent water transport out of the cecum. The enlarged cecum thus could become a reservoir of pharmacologically active materials that may become blood borne and affect the physiology of the animal. 42 The existence of certain intestinal microbes could promote normal mammalian physiology including proper digestion, metabolism, epithelial cell function, angiogenesis, enteric nerve function, and immune system development. 43 On the other hand, altered intestinal flora has been reported in patients with inflammatory bowel disease, allergies, or patients with metabolic syndrome, indicating that microbial populations might influence disease pathogenesis although the causality is still unclear. [44] [45] [46] Imbalances in the composition of intestinal flora diversity could lead to dysfunction and chronic disease state. Antibiotics have been shown to drastically disrupt indigenous microbiota in animals as well as in humans, which could result in a long-term decrease in its overall diversity. 43, [47] [48] [49] Limited information from humans and animals has shown antibiotic treatment can eliminate native intestinal microflora populations that normally compete with or otherwise antagonize invading pathogens or induce the overgrowth of ''pathogenic'' components of gut microbiota. 50, 51 The disturbance of microflora therefore could diminish the natural defense mechanisms provided by the colonic microbial ecosystem, making the host vulnerable to infection. Whether high levels of TCC exposure through lactation affects the establishment/colonization of different microflora in the gut of neonates, thereby reducing survival, requires further investigation.
Alternatively, TCC may alter the various processes by which milk components are synthesized and/or secreted or interfere with the delivery of substrate for milk formation and resulting composition. 52, 53 Results from experiment IIb demonstrated that milk was transferred from dam to pups, however the effect of TCC exposure to the nutritional composition of the milk or its direct toxic effect to the pups is unknown. Artificial feeding methods could be used to control the nutritional composition of the milk and delivery of TCC 54 to investigate the mechanisms of reduced survival.
In summary, our study demonstrates that early life exposure of 0.2% w/w and 0.5% w/w TCC affects the survival of neonates. Although the current study by design could not reveal the underlying mechanisms of the reduced survival of F1 offspring during lactation, several lines of suggestive evidence support the hypothesis that TCC exposure during lactation influences the development of the neonates. The susceptive window of exposure is during lactation. Although TCC exposure does not affect the ability of dams to carry offspring to term, few pups can survive beyond weaning if the pups are raised by 0.2% w/w TCC-treated dams and no pups could survive when raised by 0.5% w/w TCCtreated dams, regardless of their in utero exposure status. Collectively, the results of our study demonstrate the need for future research to determine the mechanism of reduced survival during lactation and to evaluate the impact of TCC-containing products on reproductive and developmental health in humans.
There are limitations to prevent full extrapolation of the results derived from animal studies to human exposure scenario. Human exposure to TCC through the use of TCCcontaining personal care products is likely sporadic, while the animals in the current study had ad libitum access to the TCC supplemented chow; therefore, animals had constant TCC exposure. If problems occur during breastfeeding and infants failed to thrive, humans can make a decision to use formula, an option that animals do not have. Regardless of these limitations, the animal study data warn the potential risk of TCC exposure during lactation and underscore the importance to assess the levels of TCC exposure in lactating women who are also routine users of TCC-containing products and to evaluate the impact of TCC-containing products to human health.
